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ABSimCT 


Rosonantly-onhancod scattering from the iodine moltcule is studied, 
experimentally, for the purpose of developing a scheme for the measurement 
of density in a gas dynamic flow. A study of the spectrum of iodine, the 
collection of saturation data in iodine, and the development of a mathe- 
matical model for correlating saturation effects wore pursued for a mix- 
ture of 0.3 torr iodine in nitrogen and for mixture pressures up to one 
atmosphere. For the pressure range of interest in gas dynamic studies, 
saturation effects in iodine were found to he too small to he useful in 
allowing density measurements to ho made. The reason the effects are too 
snail in iodine is that iodine prodissociates q.uite readily from its 
excited state and thereby alters the excited state population, an effect 
not removed by saturation. At the cost of lower signal intensity (compar- 
ed v/ith fluorescence), effects of q^uenching can he reduced by detuning the 
exciting laser wavelength from the absorption line center of the iodine 
lino used (resonant Raman scattering). The signal was found to he nearly 
independent of pressure, for pressures up to one atmosphere, when the 
excitation beam was detuned 6 GHz from lino center for an isolated line in 
iodine. The signal amplitude was found to he nearly equal to the ampli- 
tude for fluorescence at atmospheric pressure, which indicates a density 
measurement scheme is possible using resonant Raman scattering in iodine. 



1. IN’illODUCriON 


The objective of tills work is to study the application of tlio prin~ 
oiplo of saturation in absorbing and radiating niolooular systems to the 
development of a scheme for measuring gas density in a nonstoady gas 
dynamic flow. At the time the proposal was funded (July 1980) lyo wore 
actively studying the saturation pryportios of iodine ns a candidate seed 
gas. This was an outgrowth of our earlier work with sulfur hexafluoride 
which wo wore pursuing at the time the proposal was originally submitted 
(December 1978) . Iodine boonme the more interesting gas for exploring the 
method because it absorbs and radiates in the visible part of the spectrum 
whore various optical detectors and devices are more readily available (as 
opposed to the infrared for sulfur hexafluoride) and it was agreed that 
the study with iodine should bo continued. 

Iodine has boon thoroughly studied at \ory low pressures and it is 
well known that it actively absorbs the 514.5 nra Argon-ion laser lino and 
has a rather strong fluoresoenco in the orange-rod part of the spectrum. 

In our work we observed that its fluorosconce was not entirely quenched at 
atmospheric conditions and thoroforo it had potential utility as a seed 
gas in a gas dynamic situation. Because of its low saturation intensity 
(approximately lO'^ \Yntts/om^) at very low pressures, a number of funda- 
mental experiments, having potential application to density measurements, 
have been conducted with iodine by various rosoarchors by making use of 
its saturated state. 

The approach WO were inf. crested in exploring was to determine if 
iodine could bo saturated in fluoresoenco at higher pressures (using a 
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buffer gas of nitrogen or air) so that its fluorosconco would be iudepon- 
dont of pressure nxid depend only on the concentration of iodine present in 
the gas mixture. Tlie fluoresconoo intensity would therefore bo directly 
related to the local density in the flow of a prcmixod gas, 

One direction the study has taken was guided by the following simple 
analysis!!, Consider a tost coll filled with a known mixture of iodine 
vapor and nitrogen gas at a given temperature and pressure and lot the gas 
mixture bo excited by resonant laser radiation. In a very general way, 
one can express the steadj'-state intensity of tlie fluorescent signal, S, 
as a function of four variables; 

S SCtl^], [N 2 ], T, I) , 

where [I 23 and tN23 are the concentrations of iodine and nitrogen, respec- 
tively, T is the temperature, and I is the laser intensity. In a gas 
dynamic situation whore the density changes are small (five per cent or 
less), one may differentiate the above equation and write 

dS e dtl2] + d[N2] + dT + dl . 

d[l2] 9[N2l OT 81 

The last term on the right-hand side can bo made zero by running the 

experiment at constant laser intensity. If the iodine conoontration is 

very small, the gouoral expression for S reduces to a product of [ 12 ) and 

some function of [N 2 ] and T, that is 

S « tl23 FCENj], T) . 

On this basis, wo have 

8S ,, S ^ 

acial tlji 
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la nddltioa, for density fluctuations in a premixed flow, we can employ 
the substitution 


dtl2l/[l2] « d[N2]/[N2l « dp/p , 

where p is the density of the gas mixture. Finally, we can express our 
equation for dS in the dimensionless form 



• p as ■ 

i- + i 

• T as -j 

S p 1 

. S 3p ■ 

1 p 1 

^ S 3T j 


dT 

T 


( 1 ) 


The first term on the right-hand side of (1) gives the desired direct 
relation between changes in gas density and changes in fluorosoenoe inten- 
sity. This terra results from the change in iodine concentration as the 
gas mixture is compressed. The second term can be shown to be principally 
related to the increase in the quenching rate with an increase in nitrogen 
density. Because the partial derivatives appearing in (1) bSo evaluated 
while holding the other variables held fixed, the third term represents 
the effect of the increase in the quenching rate with increasing gas 
temperature. Because quenching decreases fluorescence intensity,^ the last 
two terms on the right-hand side are expected to be negative. Unfortunate- 
ly, in most situations the negative contributions nearly balance the first 
term and a dotootion scheme for measuring gas density based on fluoros- 
oenoe results in very poor sensitivity. On the other hand, if one wore 
able to fuily saturate iodine and eliminate the last two terms altogether, 
one would then obtain the ideal sensititity dS/S - dp/p. For the case of 
partial saturation, one can again express equation (1) in terras of dp/p if 
one assumes the small disturbances occur in an isentropic flow whore one 
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rany use the substutlon ilT/T ® 0.4 dp/p (for y « lA} . Etjuatlon (1) then 


boeotnos • 


dS 

S 



X 




P !£ + 

S Op 


0.4 


1 £1 
S OT 



( 2 ) 


where each term in the square braces is evaluated at the unperturbed or 
reference state. 

The first partial derivative can bo obtained oxporivaontally by measur- 
ing the slope of the curve exhibiting fluorescence intensity versus gas 
density (or pressure) for a fixed gas tomperaturo and laser intensity. 

The second partial derivative can bo obtained in a similar way by varying 
the gas tomperaturo while holding the density and laser intensity fixed. 

Most of our work to date has boon dirootod towards a study of the 
spectrum of iodine fluorescence, a mathematical model for correlating 
Sttfcuration effects in iodine, and a i>:\oasuroment of the first partial 
derivative in equation (2) , 
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2. IIIGU-PRESSURE SPECTRUM OF IODINE 


The visible absorption spectrum of iodine results from transitions in 
the electronic structure of the molecule from the ground state, to 

P 

tt 4 . 

the excited state Potential energy curves of the X and B states for 

molecular iodine, together with the curve of the dissociative D state 
(which was found to be ' veded in modeling iodine saturation), are shown in 
Fig. 1 . 

The B*-X transition is between states of different electronic spin and 

is thus weakly allowed. For this reason the radiative lifetime of the B 

state is relatively long (~10"~^sec) compared to a typical radiative life- 

•-ft 

time at this wavelength of 10 sec for most other gases. 

Absorption can occur from any populated ground state rotation-vibra- 
tional level to an excited state level allewad by the ?\eioction rules and 
with strength determined by the overlap of the vibrational wavofunotions 
(Frank-Condott factors) . The selection rule on I is AJ “ d;i for a homo- 
nuclear diatomic molecule and, thus, each transition is made up of a P 
(AJ “ -1) and R (AI “ +1) component. At room temperature there are about 
li'O rotational levels populated, each giving a P and R absorption lino. 
With population at room temperature in v'' ° 0, 1, and 2 and about 80 vib- 
rational levels available for transitions in the B state, this produces 
about 70,000 absorption linos in the visible (500 - 700 nm) B-^X spectrum. 
The density of the spectrum derives from the closely spaced vibrational 
and rotational energy levels for this relatively massive molooulo. 

At room tempera tiiro, the absorption lines are Doppler broadened by an 
amount A ~ 440 MIlz at the 514.5 nm Argon-ion laser wavelength. 
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Tji a sub-DoppXer absorption speotrum, it is scon that each even J sublevel 
is further split into 15 hyport‘>no components and each odd sublevel into 
21, due to tbo internction of tlie total nuclear spin and rotational 
angular momentum. 

For oacli v' level populated by absoriition, a vibrational progression 
(v" v'> of fluorescence bands will occur with strengths determined by 

the Frank-Condon factors. Each J' value gives rise to a P and R fluores- 
cence doublet spaced by about 1 om~^» The fluoresconco spectrum is thus 
very complicated if several vibrational-rotational levels are populated In 
the excited state. 

Within the 6 GHz Argon-ion laser gain profile (tuning range) lies two 
v" =5 0 transitions and two hot-band transitions, as seen in Fig. 2. The 
strong lino is composed of the overlapping P13 and RIS absorption linos of 
the 43-0 vibrational transition (shown schematically in Fig. 3). The P13 
and H15 lines each have 21 hyporfino components spread over about 1.2 GHz. 
Adding the room temperature Doppler width of each component gives an over- 
all linewidth of about 1.5 GHz (FWIIM) . Each component also pressure 
broadens at about 3 JHIz/torr, giving a total linewidth of about 4 GHz at I 
atmosphere of pressure (nitrogen) . 

The low-pressure fluorcsconoo spootriun duo to pumping of the 43-0 
lines contains a progression of v' bandsu spaced by the ground state 

vibrational spacing. Figure 4 shows the progression through the 5th 
Stokes component obtained with a low-pressure iodine coll and excitation 
by the 514.5 nm laser wavelength. (Tlio coll was at room temperature and 
contained approximately 0,3 torr iodine, the vapor pressure of iodine at 
this temperature.) Each Stokes component under higher resolution appears 
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to be a triplet. Figure 5 sbow» the triplet of tlio 2nd stokos component 
at 526 nm. As soon in Fig, 3, there are ootunlly four rotational compon- 
ents to each v"-^ v' band but the P13 and U15 overlap to within the 
resolution of the spoctronetor. 

The effect on the spectrum of adding nitrogen at various pressures to 
the iodine cell is seen in Fig. 6. As the pressure increases, collisions 
transfer population to adjacent rotational then vibrational levels in the 
excited state which then fluoresce, giving rise to the so-called transfer 
spectrum. The ratio of transfer to primary fluorescence increasos until 
at a pressure of 500 torr (nitrogen) the primary progression is almost 
lost in the transfer spectrum. 

This figures clearly shows that once the pressure is 100 torr or 
greater one must solloet broadband fluorssoenos because the Stokes com— 
ponents of the primary band are obscured by the transfer spectrum. Liko- 
v,*iSB, owing to the pressure broadening of iodine, it is probably best to 
operate the Argon-ion laser in the broadband mode in order to maximize the 
fluorescence signal. 
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3 . SATOlUTION OF IODINE FLUORESCENCE 


Iodine is an attractive molecule to attempt to saturate because its 
absorption cross~sootion is relatively large (~5xl0**^*^om^) and its life** 

fi A 

time long. The saturation intensity is estimated to bo 8x10 Watts/cm at 
low pressure and 1.9x10^ Watts/cm^ in a mixture of 0.3 torr iodine and 800 
torr nitrogen. Focused CW Argon-ion laser power densities of lo"^ W/om^’ 
are readily obtained, making saturation near atmospheric pressure seem 
reasonable. Compared to a molecule like biaootyl, with a cross-section of 
-10“^^ cm^ and a radiative lifetime of ~10“® sec, the saturation intensity 
for iodine is about four orders of magnitude lower. 

Data were oolloctod for the saturation experiment in iodine using the 
setup shown in Fig. 7. Tlie Argon-ion laser supplied about 3.4 Watts run- 
ning multimode over about 6 GHz at 514.5 nm. The beam was nporaturod so 
as to bo nearly Gaussian (TEMqq) and focused to a 6 pm spot size (measured 
with a roticoa array) by a 5,1 cm focusing lens. Crossed Glan-air polar- 
izers gave a cos'*© attenuation over about five orders of magnitude with no 
observable beam steering, A coll containing iodine crystals was placed at 
the beam focus and connected to a gas handling system for adding N2. A 
the mo couple placed on the cell monitored the cell-crystal temperature. 

The fluorescence was collected at 90° with an 8-cm focal length lens and 
focused through an aperature (allowing monitoring of one oonfocal param- 
ater length of the beam at the focus) and a 540 lun long pass filter (to 
block scattered 514.5 nm radiation) onto a photocathode. The beam was 
chopped and the fluorescence signal collected using phase sensitive detec- 
tion, yielding a background siganl (no iodine in cell) near the noise 
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Xevol of tho photomultiplier tube* The iodine crystals remained at about 
25®C producing a room temperature vapor preiisure of about 0.3 torr. Borne 
problems were encountered with the cell duo to room temperature drifts and 
heating by the laser beam (both producing changes lu iodine vapor pres~ 
sure). However, with much care, consistent and repeatable data wore 
obtained. Most of tho data wore collected with the Argon-ion laser r\m- 
ning multimode. 

Tests were conducted for buffer-gas pressures (nitrogen) of 0.9, 50, 
lOQ, 200, 400, 500, and 800 torr and those results are shown in Figs. 8 
through 14. Complete saturation was not cchleved oven though tho fluores- 
cence signal versus laser intensity became nonlinear well below the maxi- 
mum Intensity ttged (about 2xlO^Watts/cm^) . A measure of tho degree of 
saturation achieved is given by tho second slope at high laser intensities 
shown in each figure. Complete saturation, of course, is obtained once 
this slope becomes zero. 

In reviewing and analyzing tho data to understand the reason for its 
behavior. Daily's saturation modcl^ was studied and its application to 
iodine considered. His two-level model leads to the following expression 
for the fluoresconoo signal 

s “ hV hx n^Vg^NjCiy/dy + i®)] , (s) 

4n 

where the Einstein coefficient fox spontaneous emission from level 

2 to level 1 , the collection solid angle, tho sample volume, tho 
total iodine number density (levels 1 and 2 ) , p a constant given by 

P =1/(1 + g^/ 82) ' 
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ami ly the saturation intensity (per unit bandwidth) given by 
“ <021 ’*■ » 

where is the quenching rate# B ^2 stimulated emission rate, and 
the statistical weights. 

In the low intensity limit (ly « I®) and for buffer gas pressure near 
one atmosphere where Q 21 >> the fluorescence signal becomes 

S - hV ^21 «cVc%2^%%l^^V* <4) 

4n 

In this limit the signal varies linearly with laser intensity but it is 
completely insensitive to gas density because the ratio Nj''^Q2l Indepen- 
dent of the total density (in the promixed situation). This is consistent 
with the discussion following (1) . 

Lihowise, in the high intensity limit (I^ » ly) , the fluoroscouco 
signal becomes independent of laser intensity and quenching rates and 
depends linearly on the iodine density throught the term N^t 

S “ hV ^,21 . (5) 

4n 

Equation (5) provides the motivation for seeking a saturable process 
because it would lend to a direct method for measuring density which is, 
eoincidontly, independent of laser intensity. Also, if the conditions of 
(5) could be realized, the measurement would bo precise because the 
coefficients appearing in (5) are truly constant. 

The data presented in Figs. 8 through 14 agree with (4) rather well 
because each slope at the low intensity end is near unity, but clearly (5) 
is not realized at the high intensity end because the fluorescence signal 
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is not independent of laser intensity or buffer gas pressure. A mteber of 
nonidoal effects are clearly indicated by tbo data and several of these 
have been considered in studying the results we have obtained. 

The laser used to excite the fluorescence is expected to have a Gauss- 
ian intensity distribution over its cross-section, rather than a constant 
intensity as assumed in the derivation of equation (3) , Daily has consid- 
ered this effect and placed the Gaussian distribution in the expression 
for the excited state population and integrated over a cylindrical sam- 
pling volume of width S to obtain 


S “ hviil Qj.6pN^jtw^ ln[(I° + . (6) 

4n 

whore 1° is the intensity on the center lino of the laser beam and to is 
Its haifwidth. Equation (S) predicts that the intensity will not saturate 
ni any power level because the molccu?os in the wings of the laser beam 
are in a region of low intensity and will never bo fully saturated. 

Daily's saturation models assume that the laser linowidth is much 
greater than the molecular linowidth and, therefore, the details of the 
molecular line shape ate not important. The laser intensity is also 
assumed to be constant across the transition. This leads to a homogeneous 
saturation model of the usual type 


S - Vdv + I^) . 

Actually, three linewidths must bo considered: the Lorentzian (homogeneous 
or pressure broadened) linowidth, the Doppler (inhomogeneous or tempera- 
ture dependent) linowidth, and the laser linewidth. The relative contri- 
butions of the first two determine the linoshapo of the transition. 
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For the case where the laser linewidth is not small with respect to 
the molecular linewidth, Groonstcin^ has shown that the homogeneous width 
is determined by both the laser and the Lorentzian widths and, thus, the 
laser bandwidth would make the transition appear homogeneous oven if the 
Doppler width is greater than the Lorentzian width. Although this case is 
consistent with Daily's model, Killinger et al,^ have shown that the 
fluorescence of OH at low pressures (transition inhomogeneously broadened) 
saturates with a residual slope of 0.5 when they used a broadband laser 
with discrete oscillating modes. In the limit of an inhomogeneously 
broadened transition the saturation is described by 

S 1/(1 + 1)°-^ where I « ly/lj . 

Since the broadband Argon-ion laser output contains about 50 oscillating . 
modes, it is expected that the model should include the possibility of in- 
homogeneous lineshape in the case of Doppler width ^ Lorentzian width. 

(In the case of homogeneous lineshape the laser linewidth should not be 
important , ) 

Finally, the two-level model may be an oversimplification of the 
situation in iodine. If other levels are tightly coupled to the two 
resonance levels then they must be included in the rate equation model 
used to calculate the population of the upper state, N2 . Daily showed 
that in this case the factor p is given by 

p = [ J + £i + ^ ■ 

ijtk 

where the quasi-equilibrium population ratios of nonresonant levels 
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involve the quenching rates. The expression iot the saturation Intensity 
is also different. Tito nonresonant levels siphon population from the res- 
onant levels, reducing the fluorescence signal and, possibly, affecting 
the saturation intensity. The important point to bo made is that even in 
the case of complete saturation, the fluorcsconc^it signal still depends on 
through the factor p. Full saturation would eliminate laser intensity 
dopondonco but not the quenching complication. 

The following analysis was carried out to attempt to address some of 
the nonidoal effects discussed above and to build a theory that is consis- 
tent with the data obtained for iodine. The model for iodine was thought 
to require the following features: 

a) inclusion of a third (atomic) level to account for the fact that 
iodine readily predissociates via the D state when excited to the B 
state, 

b) the effect of a Gaussian intensity distribution in the exciting beam, 

c) the introduction of an inhomogeneous lineshape factor. 

It is felt the last element is needed because at low pressure the Doppler/ 
Lorontz ratio of widths is about 440 MIIz/lOMz = 44, while at high pres- 
sure the ratio is about 440 MHz/2290 MHz = 0.19. Because the laser line- 
width is greater than the iodine linewidth at all pressures used (homo- 
geneous contribution) but the laser runs in discrete modes (inhomogeneous 
contribution) , this effect may bo present in a varying degree as con- 
ditions change. 

The three-level system used to develop the rate equations employed in 
this work is shown in Fig. 15-. In actual fact, because rotational relax- 
ation in iodine in the excited state is rapid and fluorescence occurs to 
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many gromul state vibrational levels, a fivo"lovel scheme may actually be 
needed to describe these effects. It is hcved, however, that Iho essen- 
tial physics are included in the throe-level model shown in Fig. 15, 

On the basis of the throe-level model being considered, the time de- 
pendent populations of levels 1 and 2 are given by the following two 
coupled rate equations 


£N2 

dt 

% 

dt 


+ Aji + «)N2 


-BijI^Ni + (Aji + B2 iI„)N2 + 


Using atom conservation 


^^atomio^''^ “ ^total ' 

assuming steady state, and solving for N 2 with the introduction of detail- 
ad balancing 82 %!^* obtain 

«2 “ + I5"‘) , 

Where 

P r i_ + i + il ] ^ and 1®*'^“ p(Q + A 2 i)/Bi 2 . 

I- 2R 2 B2 ^ 

Thus, the factor p now depends On the buffer gas pressure throught the 

ratio Q/R, as opposed to the constant that appears in Daily's two-level 

model . 

On including the effect of a Gaussian intensity distribution across 
the laser beam, we obtain a result similar to Daily's given by 


S « A ln(l + I) , 


(7) 
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\yhosc 


4n 

In tlio present model two parameters (A, depend on the total gas 

density or pressure, either directly through the term or through 

the unknown rates Q atm h’ Because the two rates Q and R »ust account for 
a collection of different rates in the iodine molecule, and therefore they 
do not obey simple laws, wo may use them as ajustablo parameters in fit- 
ting the theory to the experimental data. 

Before introducing the third element into the model which accounts for 
the lineshapo, it is useful to analyze the saturation data on ti.e basis of 
the present model and assume that A and Iy“^ are the adjustable parameters 
,^rd fit the theory to the data. A nonlinear least sq,uare fitting routine 
using a gradient search technique and two parameters was employed to fit 
the data. The main conclusions drawn were that the saturation intensity 
jutained in this way was not a monotonically increasing function of pres- 
sure and that the logarithmic function seemed to ovcrcorrect the data at 
high intensity. Thus, the model needs to account for the variable lino- 
shape . 

Piopmeier's analysis allows for the inclusion of a lineshape param- 
eter but not for the Gaussian boom effect, and it applies only to the case 
of a narrow laser lincwidth. Daily's analysis applies to the broadband 
laser case and can be made to include the Gaussian beam effect, but it is 
completely homogeneous. However, a lineshape parameter was added to 
Daily's model in the following way. In the homogeneous limit we find 

S ~ 1/(1 + I) , 
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nml in tlio inhonfEonoous limit wo have 


S ~ 1/(1 + 1)°*^ . 

Consequently, if wo assume the intensity always varies ns 
S ~ 1/(1 + I)“ , 

then a hocomos a linoshape parameter with the range 0.5 < a < 1. This 
approach is certainly not rigorous, because the full Voight profile inte- 
gral would have to bo done, but in light of the asstimptions made it is 
felt to bo a realistic approach. 

Assuming the lineshapo parameter a can be used in this way, the effect 
of the Gaussian intensity distribution across the beam can now be included 
ai> follows. The fluorescence signal, S, is obtained by integrating the 
upper state population, N2, across a boara with an assumed Gaussian inten- 
‘5ity distribution, i.e. 

s a hv ^21 n r No62nr dr . 

4n 

v^ith 

% = + ly/lf ^3“ 

1=1° cxp(-r^/w^) . 

This lends to the result 

S = _JL„ [(1 + I)l~“ - 1] , (8) 

(1-a) 

Tihere A and I have the same definitions as in (7). 


- 16 - 



It is easy to sec that (8) reprodxicos the correct liwlts, We obtain, 
the linear recimo for I << 1, i,o, 

S AI , 

and for I >> 1 the saturated result 

S « _i__* - 13 * 

(l*-a) 

Usinc a « 1 and L'llospital's rule in the expression for the saturated 
limit, we recover the homogeneous saturated limit 

S “ A In I , 

and for a « 0.5 the inhomogeneous saturated limit 

„ !?0 . 5 

S ~ I . 

The theory now contains three adjustable parameters, the quenching 
rate Cl, the recombination rate R, and the lineshape factor a, iiv the throe 
constants A, a, and 1®“^ which appear in (8). Again, it is far easier to 
allow A, a, oxid to vary in a least squares fit of the saturation data 

and then to determine their mutual consistency afterwards. The theory was 
fitted to the saturation data for iodine in this way and the results are 
shown in Fig. Id for the pressure range 200 torr to 800 torr nitrogen. 

Also shown are the values obtained for the three constants from the least 
squares fitting process as a function of nitrogen pressure. 

Tlie saturation intensity is now found to vary monotonically over the 
full range of pressures. Dividing by the 6 GIIz Argon-ion laser bandwidth 
(0.2 cm~^) , gives in the limit of lovi’ pressure = 4x10*^ Watts/om^cm”^ 
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and for pressure (800 torr) 1^“*’ 1.75x10^ Wntts/om^cm“^. These 

quantities can also bo calculated in other ways from existing low~lnton~ 
sity quenching data. It is enecuraging to find that the respective values 
agree rather well considering the fact that the two methods differ 
greatly. 

The lineshapo parameter a was found to varj' smoothly from about 0.55 
to 0.98, which is entirely consistent with its original introduction into 
the theory. The behavior of the lineshapo parameter probably lends the 
strongest support for accepting the theory ns a useful representation of 
the saturation process in iodine. 

The parameter A varied smoothly from 10 at low pressure to 2 at high 
pressxire, I'his parameter has loss direct physical interpretation and one 
can only chool: its internal consistency. Wo have not oomplotod this stop 
ia detail but it too appears to bo quite consistent on the basis of a few 
rough calculations. 
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4. DENSITy MEASUUHiENT 


Tho data of I’iB, 16 together with the proposed thoorj' provide one with 
the necessary information to evaluate the first partial derivative appear- 
ing in equation (2) , which expresses the sensitivity of a density measure- 
ment, using partially saturated fluorosonco, A cross-plot of tho data 
found in Pig. 16 is presented in Fig. 17i whore tho fluorescence signal 
(photomultiplier output in millivolts) is displayed versus tho gas pres- 
sure (nitrogen) for throe levels of tho laso* excitation intensity. The 
lines drawn in tho figure aro visual interpolations of the experimental 
data. Vo have also considered using equation (8), together with tho pres- 
sure dependency found for tho quantities A, a, and ly''*', to obtain a curve 
f’t for tho region of pressure for which we do cot have experimental data, 
however, our first efforts in carryiag out these calculations have led to 
..ignif leant numerical errors, since it is difficult to find simple alge- 
braic functions that will accurately represent tho pressure dependency of 
the three quantities over the full range of pressure (0 to 10 torr) . 

Xiy measuring tho slope at a point on one of tho curves in Fig. 17, 
one is able to obtain the partial derivative, 3S/3p, directly, and this 
derivative corresponds to holding temperature, ns well ns laser intensity, 
* 3 sed. ilacalling that the first partial derivative on the right-hand side 
cf equation (2) is also evaluated while holding temperature and laser 
intensity fixed, then for this case we may use tho substitution 


p 3S 
S 3p 


p 3S 
S 3p 


(9) 


Because the data in Fig. 17 appear on a log-log scale, the dimensionless 
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derivative in (9) is given directly by the tangent of the slope at a point 
in the figure, Xn the rnuge of pressures above 50 torr where gas dynamic 
experiments wonld normally be carried out» this number is essentially -1 
for all levels of laser excitation intensity used in the exporimont. 
Tlierefore the *-l cancels the +1 appearing in equation (2), and one is loft 
with only the third term in the expression. This is the same situation 
one faces for the unsaturated condition. It is clear that although par- 
tial saturation is apparent in Fig. IS, this does not significantly affect 
the slope in Fig. 17 due to the three-level effect in iodine. Thus, satu- 
ration of fluoresoonco in iodine does not aid in inproying the sensitivity 
Of the density measurement scheme. 

Because there is reason to believe that the second partial derivative 
u;; equation (2) is relatively small, wo have not conducted any experiments 
to measure it directly and thereby obtain a complete measure of the magni- 
ride of the coupliug ooeffioiont in (2). However, wo have indirect 
evidence that leads us to suspect that it is small and that the coupling 
coefficient in (2) cannot be near 1. The indirect evidence is based on 
some iodine saturation data that wo have collected us; a small super- 
sonic freo-jot nozzle. Tlie flow in the nozzle was seeded with iodine at 
the vapor pressure for room temperature and the flow was expanded in the 
free jot to a Mach number of about 5 where the temperature of the gas was 
near 50 K, The fluorescence intensity was moasiired along the axis of the 
jet and found to be nearly constant. This leads one to believe that the 
second partial derivative in (2) must be small because we have already 
found that the first partial derivative In (2) essentially cancels the +1, 
and this cancel la tion would result in a constant fluorescence signal. 
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The study to this point shows that ateiapts to saturate iodine for the 
pressure levels of interest in gas dynamic experiments have not led to a 
significant value for the coupling coeficient in the density moasuremont 
scheme being explored. However, the principal concept we are pursuing is 
embodied in equation (2)* and we are interested in all methods that may 
lend to a finite value of the coupling coeficient. Saturation is only one 
of several ways this could be achieved. 

There has bc'^n much discussion in the literature about the difference 
between fluoresoonco and resonant Raman scattering. Tlie currently rcoopt” 
od point of view is that they are variations of the same physical process, 
distinguished by the amount of detuning from the line center of the tran- 
sHion, Off lino center the process is nearly instantaneous Raman scat- 
tering (10“^^ sec or less), insensitive to qxxonching. Fluorcsconoo is the 
much larger signal occur ing when tuned within an absorption iinowidth. In 
this case the scattering time becomes the lifetime of the transition, 

\^^ieh is usually much larger than 10**^^ sec and, thus, subject to quench- 
ing, Williams et al.*^ excited iodine in a coll with 100 nsec laser pulses 
and measured the decay time of the omitted photons at different excitation 
wavelengths. Tliey showed that on lino center the decay time was about 

see, characteristic of fluoresoonco, and by detuning more than 1.6 

— R 

OHa the decay time was reduced to less than 10 sec, the temporal resolu- 
tion for their experiment. 

Using this point of view, one has the option of trading signal ampli- 
tude for a significant decrease in the effects of quenching. We have 
conducted a preliminary experiment in iodine employing the concept of 
resenant Raman scattering. These results arc shown in Fig. 18 and were 
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olJtninod using ft (l-switclied NDtYAO lasci? running nt 10 pulses per second 
and frequency doubled to 532 nn. The output wns line narrowed by an 
intracftvity etalon and was tunable over about 3 cw“*^ (PO GHz) by tilting 
the etalon, The fluorescence data were obtained with the hD;yA0 laser 
tuned onto the line center of a strong and relatively isolated iodine 
transition. The resonant Raman scattering data correspond to approximate-' 
ly 6 GHz detuning off this transition. The fluorescence data differ from 
that shown in Fig, 17 because of the short pulse length (<10 nsec) excita- 
tion of the Q-switched ND;YAG laser and the resulting partial saturation 
that is achieved with it. The figure shows that the resonant Raman signal 
is nearly independent of nitrogen gas pressure up to an atmosphere of 
Tiessure. An equally important observation is the fact that the level of 
tnc resonant Ranan signal corresponds to the level of the fluorescent sig- 
nal at atmospheric pressure. Those two facts make it reasonable to rcoon- 
islor the ax’PlientiO“ of equation (2) by employing resonant Raman scatter- 
ing in iodine to develop an acceptable value for the coupling coefficient 
in the density measurement scheme. 

Our general approach in studying the problem of density measurement 
through the use of laser-induced fluorescence or, more generally, reso- 
nantly enhanced scattering, can bo described by the use of the schematic 
ti.igram ii. Fig. 19., together with equation (2). In the range of pressures 
of interest for gas dynamic studies, the fluorosconco signal versus pres- 
sure falls off with a slope of -1 (due to quenching) and the resulting 
sensitivity from (2) is zero. Our first efforts wore to attempt to satur- 
ate iodine in this range of pressures because this should load to a reduc- 
tion in the slope and an increased signal level, both highly desirable in 
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the dcslty masurcmont schcBo, However# wo found that sa turn Won effects 
in iodine were not effective in producing the desired sensitivity. The 
Blternativc is to accept a somewhat lower signal level and employ resonant 
Hanan scattering. As indicated in the figure# detuning leads to decreased 
slopes in the curve and, thus# to more sensitivity# hut at the expense of 
signal level. Experiments are currently being performed in a supersonic 
free jet expansion to quantatatively evaluate the effects of detuning on 
signal level and sensitivity. 
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Fig. 1 PoU'ntiiil (‘iirrgy rurvcs of tlie X mid H slntos of iiioItTiihir mtiinc, r is llic iiilonniclenr 
dii-mnsc'. .Mso shown is tlic curve of tlic di-ssiieintivc D state. 
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